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We propose a three-step model of electrochemical nanopore formation in n-InP in KOH that explains how 5 
crystallographically oriented etching can occur even though the rate-determining process (hole 
generation) occurs only at pore tips. The model shows that competition in kinetics between hole diffusion 
and electrochemical reaction determines the average diffusion distance of holes along the semiconductor 
surface and this, in turn, determines whether etching is crystallographic.  If the kinetics of reaction are 
slow relative to diffusion, etching can occur at preferred crystallographic sites within a zone in the 10 
vicinity of the pore tip, leading to pore propagation in preferential directions.  Symmetrical etching of 
three {111}A faces forming the pore tip causes it to propagate in the (remaining) <111>A direction.  As a 
pore etches, propagating atomic ledges can meet to form sites that can become new pore tips and this 
enables branching of pores along any of the <111>A directions. The model explains the observed uniform 
width of pores and its variation with temperature, carrier concentration and electrolyte concentration. It 15 
also explains pore wall thickness, and deviations of pore propagation from the <111>A directions.  We 
believe that the model is generally applicable to electrochemical pore formation in III-V semiconductors. 
Introduction 
Nanotechnology is an area of growing industrial importance.1 In 
particular there is considerable interest in the fabrication and 20 
characterisation of nano-scale structures for various applications.  
Although considerable progress has been made in developing 
technology for such applications, the underlying fundamentals are 
not always well understood and many important scientific 
questions need to be investigated if technological progress is to 25 
be maintained.  Fundamental studies of key processes such as 
nanopore formation therefore provide important pathways to 
understanding and controlling nanofabrication techniques.  
 Nanopore formation due to electrochemical etching occurs in a 
range of semiconductors from Si to InP 2-8 and it is quite common 30 
for such pores to propagate along preferential directions.  These 
directions and the pore morphology have been shown to be 
affected by a range of parameters including temperature,9 
composition10,11 and concentration12 of electrolyte, and type,13 
orientation14 and doping density15 of the substrate.  Many 35 
different pore morphologies have been observed and several 
models have been proposed16-27 to explain them; however most 
models address only specific combinations of semiconductor and 
electrolyte. 
 It is generally accepted that the propagation of nanopores in 40 
highly doped n-type semiconductors is controlled by hole 
generation under the influence of a high electric field due to the 
small radius of curvature at the pore tip.  Zhang26,27 modelled the 
relationship between pore-tip shape and electric field in silicon 
and showed that the electric field at the surface is sufficiently 45 
enhanced by the pore-tip’s curvature to enable substantial 
tunnelling of carriers.  This results in significant etching 
occurring only at pore-tips, allowing continued propagation of 
these tips into the substrate. 
 Etching of III-V semiconductors is often observed to be 50 
anisotropic.  For example both chemical28-31 and 
electrochemical32,33 etching of III-V semiconductors show 
preferential etching of {111}B planes (i.e. group-V-terminated 
planes).  The slowest-etching plane is usually {111}A and so 
these facets are revealed during etching of InP,34,35 GaAs33,36,37 55 
and GaP.30  Due to the differing etch rates of crystal planes, the 
formation of tetrahedral etch pits (seen as dove-tailed and v-
groove voids, respectively, in (011) and (011¯) cross sections) is 
observed on the (100) surface of III-V semiconductors.31,35,36  
 We have previously investigated38-43 the early stages of pore 60 
formation in InP in aqueous KOH electrolytes.  Pores originate 
from pits in the surface and propagate along <111>A directions to 
form porous domains beneath a thin near-surface layer penetrated 
only by the surface pits.40  Eventually these domains merge to 
create a continuous porous layer.43  Although pore propagation in 65 
InP in KOH is usually crystallographically oriented (CO), it can 
be current-line-oriented (CLO) under certain conditions.41  
Indeed, variation of potential, electrolyte concentration and 
temperature causes a gradual change in the porous layer structure 
and a transition from pore formation to planar etching is observed 70 
as the KOH concentration is decreased to below 2 mol dm-3.9,44  
 In this paper we examine why pore propagation is 
crystallographically oriented even though the etching is 
controlled by hole generation at pore tips.  We propose a three-
step model based on competitive kinetics between 75 
electrochemical reaction and hole diffusion.  The model is 
Ph
ys
ic
al
 
Ch
em
is
tr
y 
Ch
em
ic
al
 
Ph
ys
ic
s 
A
cc
ep
te
d 
M
an
u
sc
rip
t
Pu
bl
ish
ed
 o
n 
31
 Ju
ly
 2
01
3.
 D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 C
ol
le
ge
 C
or
k 
on
 0
7/
08
/2
01
3 
15
:0
0:
57
. 
View Article Online
DOI: 10.1039/C3CP52253A
 2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 
supported by a variety of scanning and transmission electron 
microscopy (SEM and TEM) observations of InP electrodes 
anodised under various conditions.  
Experimental 
Wafers were monocrystalline, sulfur-doped, n-type indium 5 
phosphide (n-InP) grown by the liquid-encapsulated Czochralski 
(LEC) method and supplied by Sumitomo Electric.  They were 
polished on one side and had a surface orientation of (100) and a 
carrier concentration in the range 3–7  1018 cm-3.  To fabricate 
working electrodes, wafers were cleaved into coupons along the 10 
natural {011} cleavage planes.  Ohmic contact was made by 
alloying indium to the back of a coupon; the back and the cleaved 
edges were then isolated from the electrolyte by means of a 
suitable varnish. The electrode area was typically 0.2 cm2.  Prior 
to immersion in the electrolyte, the working electrode was 15 
immersed in a piranha etchant (3:1:1 H2SO4:H2O2:H2O) for 4 
minutes and then rinsed with deionized water. 
 Anodisation was carried out in aqueous KOH electrolytes in 
the absence of light using a linear potential sweep (LSV) at 2.5 
mV s-1. A conventional three-electrode cell configuration was 20 
used, employing a platinum counter electrode and a saturated 
calomel electrode (SCE) to which all potentials are referenced. A 
CH Instruments Model 650A Electrochemical Workstation 
interfaced to a Personal Computer (PC) was employed for cell 
parameter control and for data acquisition.  25 
 Cleaved (011¯) and (01¯1¯) cross sections of electrodes were 
examined using a Hitachi S-4800 field-emission scanning 
electron microscope (FE SEM) operating at 5 kV, unless 
otherwise stated.  Electron-transparent sections for plan-view and 
cross-sectional transmission electron microscopy (TEM) 30 
examination were prepared using standard focused ion beam 
(FIB) milling procedures45 in an FEI 200 FIB workstation.  The 
TEM characterization was performed using a JEOL 2011 
transmission electron microscope operating at 200 kV. 
Results and Discussion 35 
Characteristics of Anodic Pore Formation in InP in KOH 
Figure 1 shows a typical linear sweep voltammogram (LSV) for 
the anodisation of n-InP in 5 mol dm−3 KOH.  Negligible current 
flow is observed at low potentials.  This behaviour is typical of n-
type semiconductors anodised in the dark as the surface is 40 
depleted of charge carriers and electrochemical reaction is 
therefore inhibited.  When a characteristic potential (~0.4 V in the 
present case) is reached, the current increases rapidly.  This onset 
of current has been shown 38,40 to correspond to the formation of 
etch pits in the electrode surface.  45 
 The SEM images in Fig. 2 show the general features of 
nanopore growth. As is typically observed, two pores (which we 
call primary pores) originate from each surface pit and propagate 
along <111>A directions.38  Two such primary pores can be seen 
in the SEM image in Fig. 2a, which shows a typical {011} cross 50 
section through an InP wafer anodised up to point B in Fig. 1. As 
these pores continue to propagate into the InP substrate, many 
more pores branch off from them, forming a porous domain.  
These porous domains eventually merge together to form a 
continuous porous layer beneath the electrode surface (as in Fig. 55 
2a). Fig. 2b shows a typical {011} cross section through an InP 
wafer anodised up to A in Fig. 1, a point before domains had 
merged into a continuous layer. Thus, individual porous domains 
 
Fig. 1 LSV of an n-InP electrode in 5 mol dm−3 KOH (n ≈ 3.4 × 1018 60 
cm−3). The potential was scanned from 0 to 0.7 V (SCE) at a scan rate of 
2.5 mV s−1 at room temperature. 
 
(a) 
 65 
(b) 
Fig. 2 Cross-sectional {011} SEM images of InP following anodisation 
by LPS at 2.5 mV s−1 from 0 V (SCE) to (a) 0.46 V (point B in Fig. 1) and 
(b) 0.44 V (point A in Fig. 1).  The <111>A directions are indicated on 
the images.  Image (a) shows a (011) cross section, which we refer to as 70 
an α plane, with pores propagating along <111>A directions. Pores that 
deviate from these directions are indicated at A and D and pores that have 
avoided crossing other pores are indicated at B and C. Image (b) shows a 
(011¯) plane (i.e. orthogonal to (a)), which we refer to as a β plane. Pores 
propagating in α planes (such as the pores in (a)) appear as round cross-75 
sections. Pores in the plane of the image propagate upwards at ~35o to the 
horizontal plane along the <111>A directions. Pores that have deviated 
from the <111>A directions as they approached the electrode surface are 
indicated at F. 
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are visible. The characteristic triangular cross-sections of these 
domains 39 is apparent: the cleavage plane (β plane)38 is 
orthogonal to that in Fig. 2a (α plane).  Many of the pores in Fig. 
2b are passing through the image plane (they are growing in the 
perpendicular α plane) and so appear as circular features ('holes 5 
in the plane').  However, some pores are also observed in the β 
plane of the image and these have grown in a <111>A direction 
towards the surface. Thus, pore branching occurs both downward 
in the α plane and upward in the β plane (i.e. along all four 
<111>A directions).  We have previously shown in detail that the 10 
pore patterns predicted for these growth directions are in good 
agreement with SEM and TEM observations.38  
 More detailed examination of Fig. 2a, particularly the 
relatively long primary pores, reveals that the width of pores is 
constant along their length, i.e. no tapering is evident.  This 15 
observation strongly suggests that all etching occurs in a very 
small volume near the pore tip.  We infer that, as this region 
advances, there is no subsequent etching of pore walls since any 
such etching would be expected to lead to tapered pores, wider 
closer to the surface because of longer etching times.  This also 20 
means that there must be no chemical etching of pore walls 
unlike other systems 46,47 where the observation of tapered pores 
suggests that some chemical etching takes place in parallel with 
the electrochemical etching near pore tips. 
 Thus, the InP/KOH system appears to be an ideal system for 25 
the study of purely electrochemical nanopore formation where all 
of the etching is confined to the vicinity of each pore tip.  We 
now propose a model to explain the propagation of pores along 
the <111>A directions. 
Towards a Model of Pore Formation in InP 30 
In order to electrochemically etch a semiconductor, free charge 
carriers (electrons or holes) must be present at the semiconductor 
surface.  Furthermore, charge carriers must be sufficiently 
energetic to induce an etching reaction.48 It has been shown that 
for most semiconductors in contact with aqueous electrolytes, 35 
valence band holes meet this energy criterion while conduction 
band electrons do not.49,50 Thus p-type semiconductors can be 
readily etched electrochemically.51 However in order to 
electrochemically etch n-type semiconductors a source of holes is 
required. Such holes may be supplied by illumination or by 40 
electric-field assisted tunnelling; or they may be injected from 
external chemical species, either in solution or adsorbed on the 
semiconductor surface.52 
 Pores form and propagate if etching is much faster near their 
tips than elsewhere on the surface.  A number of different 45 
mechanisms can lead to preferential etching at pore tips. 
Chemical mechanisms rely on differing etch rates between 
passivated pore walls and freshly revealed (unpassivated) pore 
tips.17,53,54 Physical mechanisms generally rely on enhanced 
surface curvature at the pore tip leading to a higher local electric 50 
field which, in the case of semiconductors, allows tunnelling of 
charge carriers across the depletion layer.17,21,26 Such field-
assisted tunnelling has been proposed as the mechanism of hole 
generation during pore formation in highly doped n-type 
semiconductors in the dark.2  Thus the electrochemical formation 55 
of porous InP occurs as a result of hole generation at pore tips 
under the influence of the curvature-enhanced electric-field at 
those specific sites.55,56  In other words, the rate-determining step 
must be the supply of holes to the semiconductor surface which 
occurs at a significant rate only at the pore tips and leads to 60 
etching there in preference to other sites. 
 As noted above, pores are often observed to propagate along 
the <111>A directions and such crystallographically oriented 
(CO) pores have been reported both for InP 38,46 and for other III-
V semiconductors.3,19 Likewise, as discussed in the introduction, 65 
etching of III-V semiconductors is often observed to be 
anisotropic, typically revealing slow-etching {111}A facets. 
Preferential etching of crystal facets is expected when the 
chemical or electrochemical reaction at the surface is the rate-
determining step.33  On the other hand, preferential etching of 70 
facets is not expected where the rate-determining step is 
independent of surface reaction such as, for example, mass 
transport in the electrolyte.29,58 
 
Fig. 3 Schematic representation (not to scale) of a pore near its tip 75 
showing the three steps of the model of competitive kinetics: (Step 1) 
hole generation at pore tips by tunnelling of carriers (holes) across the 
depletion layer (shaded region); (Step 2) hole diffusion at the surface; and 
(Step 3) electrochemical oxidation of the semiconductor to form etch 
products. 80 
 Thus the formation of CO pores suggests that etching is 
controlled by the relative rates of the surface reactions at different 
facets:  any satisfactory model of electrochemical pore formation 
must explain how this can occur even though the rate-
determining process (hole generation) occurs only at pore tips.  85 
To reconcile these requirements, we propose a three-step model. 
The three steps (which are illustrated schematically in Fig. 3) are: 
(1) hole generation at pore tips, (2) hole diffusion and (3) 
electrochemical oxidation of the semiconductor to form etch 
products. 90 
A Three-Step Model and Competitive Kinetics 
Step 1 is the generation of holes at pore tips. As discussed above, 
this is rate-determining and occurs under the influence of a high 
electric field due to the small radius of curvature at the pore 
tip.26,27 If each hole formed were to be immediately consumed in 95 
an electrochemical reaction, then the resulting etching would be 
confined to a very small area at the pore tip.  This would tend to 
further sharpen the pore tip and therefore further hole generation 
and etching reaction would also be confined to that specific site.  
The question therefore arises as to how pore propagation can 100 
occur preferentially along crystallographic directions if the rate-
determining step occurs at a non-crystallographically defined site 
i.e. the pore tip. 
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 The answer must lie in Step 2: hole diffusion.  If holes diffused 
only a negligible distance, etching would be confined to the site 
on the surface where they were created.  However, when holes 
may diffuse parallel to the surface of the semiconductor, the 
electrochemical etching reaction may occur some distance from 5 
the pore tip where the holes are created and, as discussed below, 
this may lead to CO pore formation.  Such diffusion of holes 
from their points of generation to the points where etching 
ultimately occurs has been reported 33,59 for photoanodic etching 
of n-type III-V semiconductors where etching was observed to 10 
extend beyond the illuminated region. 
 Step 3 is the actual electrochemical reaction itself.  While the 
detailed chemistry and mechanism of this have not yet been 
elucidated, it involves oxidation of InP to indium and phosphorus 
species dissolved in the electrolyte within a pore.  The kinetics of 15 
Step 3 do not directly determine the overall etch rate of a pore: 
this is determined by the rate of generation of holes at the pore tip 
(Step 1).  However, competition in kinetics33,59,60  between hole 
diffusion (Step 2) and electrochemical reaction (Step 3) is the 
principal factor determining the average diffusion distance of 20 
holes. 
 If the kinetics of Step 3 (oxidation reaction) are slow relative 
to Step 2 (diffusion), then holes can diffuse a significant distance 
before being annihilated in the oxidation reaction.  Then etching 
can occur at preferred crystallographic sites, such as phosphorus 25 
dangling bonds in InP, within a zone in the vicinity of the pore tip 
and will lead to pore propagation in preferential directions. On 
the other hand, if the kinetics of Step 3 were fast relative to Step 
2, the diffusion distance of holes would be short as they would be 
annihilated in the oxidation reaction close to where they were 30 
created.  In that case, etching would occur close to the site of hole 
generation rather than at preferred crystallographic sites and so 
there would then be no preferred crystal direction for pore 
propagation. 
Mechanism of Crystallographic Etching of Pores 35 
When the kinetics of Step 3 are sufficiently slow that holes can 
diffuse to crystallographically preferred reaction sites, etching 
will eventually reveal the slowest etching crystal facets – the 
{111}A facets – to form a pyramidal shape with its apex as the 
pore tip, as shown in Fig. 4.  These {111}A planes are terminated 40 
by indium atoms, each bonded to three underlying phosphorous 
atoms. Removal of an indium atom therefore exposes three 
phosphorous atoms, each with a dangling bond as shown in Fig. 
5a.  Such a phosphorus atom is easily etched, breaking a bond to 
each of three indium atoms, two of which are surface atoms.  45 
Each of these now has two dangling bonds (each already had one) 
and consequently is easily etched, revealing two new 
phosphorous atoms, each with a dangling bond. 
 Phosphorous atoms with single dangling bonds can be 
considered to be part of a {111}B surface oriented normal to the 50 
bonds.61 Thus, the removal of a single indium atom from a 
{111}A surface creates three monatomic ledges with {111}B 
faces, each at an angle of 109.47° to the surface as shown in Fig. 
5b. Etching of the phosphorous atoms on these ledges, and the 
associated indium atoms, causes the ledges to advance, 55 
consequently increasing the size of the three sided region where 
the next underlying {111}A plane is exposed (Fig. 6). 
 
Fig. 4 Schematic representation (not to scale) of a pore formed by the 
etching mechanism described in Fig. 3.  The idealized shape with three 60 
{111}A facets is represented by grey lines ( ).  The actual pore 
(represented by blue lines ( ) will have finite radius of 
curvature at the tip and will generally have rounded pore walls. 
 
(a) 65 
 
(b) 
Fig. 5 (a) An In vacancy ( ) on a {111}A surface creating three dangling 
P bonds ( ). These P atoms ( ) correspond to a {111}B monatomic 
ledge on three sides of the vacancy (projections of which on the {111}A 70 
plane are shown). Indium atoms are shown as open circles ( ). (b) Cross-
sectional view orthogonal to the surface {111}A plane and through the In 
vacancy and one of the P atoms in a plane containing its dangling bond. 
The surface {111}A plane (n) and the next underlying {111}A plane (n-
1) are shown. The {111}B ledge is represented at an angle of 109.47° to 75 
the surface plane and contains the P atom with its dangling bond towards 
the In vacancy and normal to the surface of the ledge. Note that the P 
atom is bonded to an In atom in the n-1 plane; as can be seen in (a) it is 
also bonded to two In atoms in the n plane. 
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Fig. 6 Expanded three-sided region as etching progresses further away 
from the original In vacancy shown in Fig. 5. This occurs as follows: as 
the P atoms on the ledges in Fig. 5a are etched, In atoms with two 
dangling bonds are exposed which in turn etch. The corner P atoms 5 
(which originally had no dangling bonds) are then exposed and etch. Thus 
each ledge advances to the next row of P atoms. 
 New vacancy sites are not formed easily but, once formed, 
they expand as in Fig. 6 by rapid two-dimensional etching along 
the surface to expose the next {111}A plane.  Eventually, an 10 
indium vacancy forms in the newly exposed {111}A face and the 
etching process continues to expose the next underlying {111}A 
plane (as before, see Fig. 5).  Thus, in the vicinity of the pore tip, 
the {111}A faces are etched, one monolayer at a time, so that the 
region in the vicinity of the tip maintains its pyramidal shape, and 15 
so the tip remains sharp as it propagates.  Symmetrical etching of 
the three {111}A faces forming the tip causes it to propagate in 
the (fourth) <111>A direction. 
 The crystallographic etching that maintains {111}A facets in 
the vicinity of the tip is controlled by the supply of holes 20 
diffusing from the tip.  The hole concentration at the surface of 
the facets decreases with distance from the tip, both because of 
divergence of the diffusing flux and because of consumption of 
holes in the oxidation reaction.  Thus, at some distance from the 
tip the rate of etching becomes negligibly small.  At intermediate 25 
distances, a transition region from etching to non-etching must 
therefore exist where propagation of ledges on individual planes 
ceases and where the surface curves away from the {111}A facets 
towards the central axis of the pore (see inset of Fig. 7). 
 Thus, as a pore etches multiple ledges are propagating 30 
outwards from multiple initiation points (indium vacancies) on 
each of the facets.  Where these propagating ledges meet they can 
form three-sided corners at which the local electric field is 
sufficiently high that hole generation can occur.  These sites can 
become new pore tips when they develop in locations sufficiently 35 
far from the depletion regions around adjacent pores.  In this way, 
branching of pores can occur along any of the <111>A directions. 
 
Fig. 7 Schematic representation (not to scale) of the different regions of 
the pore. Region 1 is the high curvature region where hole generation 40 
occurs. Region 2 consists of three {111}A facets and Region 3 is 
intermediate between Region 2 and the pore walls (Region 4). In Region 
3, the surface of the pore is stepped as shown in the inset and curves away 
from the {111}A facets as etching slows. No etching occurs in Region 4. 
 In summary, the three-step model can explain how the concept 45 
of rate control by localized hole generation at pore tips can be 
reconciled with CO etching.  If Step 3 (oxidation reaction) is 
sufficiently fast that Step 1 (hole generation) is rate-determining 
but sufficiently slow in comparison with Step 2 (diffusion) that 
holes can diffuse a significant distance, then preferential etching 50 
of {111}B faces can occur. This leads to the formation of a 
faceted pore tip region which, through etching of {111}A planes 
one monolayer at a time, will lead to the propagation and 
branching of pores along <111>A directions. 
Factors Affecting Pore Width 55 
In our model, the width wp of a pore is determined by the width wt 
of the tip (Region 1 in Fig. 7) and an additional width ∆w due to 
diffusion of holes before reaction, i.e. wp = wt + ∆w (see Fig. 7).  
The tip width wt is determined primarily by the radius of 
curvature at which the electric field reaches the threshold for hole 60 
generation and this depends primarily on the thickness of the 
depletion layer.26,27 Thus wt is not expected to vary significantly 
for a given carrier concentration.  Since ∆w depends on the 
diffusion distance of holes, it is predicted to increase with faster 
diffusion but to decrease with faster electrochemical reaction.  An 65 
increase in temperature should increase the rate of 
electrochemical reaction more than the rate of diffusion since the 
activation energy for reaction is expected to be significantly 
larger than the activation energy for diffusion.  Consequently, 
with increasing temperature the diffusion distance of holes, and 70 
therefore the pore width, should decrease. 
Table 1 Variation of average pore width (for n~90 measurements per 
sample) with temperature for n-InP (n ≈ 5.3 × 1018 cm-3)  anodised by 
LPS at 2.5 mV s-1 in 9 mol dm-3 KOH. 
Temperature / °C 10 20 25 30 40 50 
Pore Width / nm 38 33 31 28 27 26 
Standard Deviation / nm 3.4 2.3 3.9 2.1 2.1 2.1 
 The experimental evidence supports this prediction.9,39  Figure 75 
8 compares SEM images of pores formed during anodisation of 
InP in 9 mol dm-3 KOH at 10°C and 40°C. It is seen that the 
pores are significantly narrower at the higher temperature.  
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Measurements of pore width were obtained from micrographs 
such as those in Fig. 8 over a range of temperatures and the 
results are shown in Table 1.  The data shows that average pore 
width decreases from 38 nm at 10°C to 26 nm at 50°C.  Thus, the 
variation of pore width with temperature follows the trend 5 
predicted by our model. 
 
(a) 
 
(b) 10 
Fig. 8 Cross-sectional (α) SEM images of pores formed in n-InP (n ≈ 5.3 
× 1018 cm-3)  anodised by LPS from 0 V (SCE) to (a) 0.6 V and (b) 0.25 V 
at 2.5 mV s-1 in 9 mol dm-3 KOH.  The experiments were performed at (a) 
10°C and (b) 40°C as indicated. It can be seen that pores formed at the 
lower temperature are slightly wider. 15 
 The variation of pore width with carrier concentration was also 
investigated. Typical results for electrodes with three different 
carrier concentrations anodised in 5 mol dm-3 KOH are shown in 
Table 2. The data shows that the average pore width decreases 
from 30 nm to 19 nm as the carrier concentration is increased 20 
from 3.4 × 1018 cm-3 to 6.7 × 1018 cm-3.  The reduction in pore 
width with increasing carrier concentration can be explained by 
considering the effect on both wt and ∆w.  As already discussed, 
the tip width wt is determined primarily by the thickness of the 
depletion layer xsc. Since the value of xsc at a given potential 25 
decreases with increasing carrier concentration, the radius of 
curvature of the pore tip must also decrease. This would lead to a 
decrease in pore width with increasing carrier concentration. The 
value of ∆w may also be affected by the thinner depletion layer.  
The model of Ostermeyer et al.59 for hole diffusion and 30 
annihilation by electrochemical reaction during photoanodic 
etching showed that when holes are confined in a thinner near-
surface region, their diffusion distance is shorter.  Furthermore, as 
described by Blakemore,62 impurity scattering associated with 
increased doping also significantly decreases the mobility of 35 
holes for dopant concentrations of greater than 1016 cm-3.  Thus, 
the thinner diffusion layer and greater scattering of carriers at 
higher carrier concentrations could decrease ∆w. 
Table 2 Variation of pore width, surface pit diameter and near surface 
layer thickness with carrier concentration, for InP anodised by LPS at 2.5 40 
mV s-1 in 5 mol dm-3 KOH at room temperature. 
Carrier 
Concentration 
/ × 1018 cm-3 
Pore 
Width 
/ nm 
Surface Pit 
Diameter 
/ nm 
Near-Surface Layer 
Thickness 
/ nm 
3.4 30 14 45 
5.3 28 17 39 
6.7 19 22 34 
 We have also investigated the effect of electrolyte 
concentration on pore width.  The observed variations are not as 
simple as in the case of temperature and will be described in 
detail elsewhere.9 However, these results are also consistent with 45 
the effect of competition between reaction rate and diffusion as 
predicted by the model. 
 Thus, model predictions of the effect of temperature on pore 
width are supported by the experimental evidence.  The observed 
variations of pore width with carrier concentration and electrolyte 50 
concentration are also consistent with the model. 
Pore Wall Thickness and Deviations of Pores from <111>A 
Directions 
If holes did not diffuse a significant distance, the minimum 
distance between pores would be of the order of twice the 55 
thickness xsc of the depletion layer, since the tunnelling distance 
for hole generation would become prohibitively large if the 
depletion layers from adjacent pores overlapped.  However, 
because hole diffusion broadens pores (by Δw in Fig. 7) they can 
approach more closely.  This additional distance is about Δw/2 in 60 
the case of a growing pore approaching an existing pore and 
about Δw in the case of two growing pores approaching each 
other.  The depletion layer thickness xsc is estimated to be ~20 nm 
for a typical InP electrode with a carrier concentration of 5 × 1018 
cm-3 at an applied potential of 0.4 V, based on a flat-band 65 
potential of -1.2 V (SCE) at pH 14,63,64 and so pore wall thickness 
would be expected to be less than ~40 nm (i.e. 2xsc).  
Examination of micrographs such as those in Fig. 8 and Fig. 9 
confirms that the pore wall thickness is indeed typically less than 
~40 nm as predicted. 70 
 Measurements of pore wall thickness were obtained from 
micrographs of electrodes anodised in KOH for a range of 
electrolyte concentration and the results are plotted in Fig. 10.  
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The pore wall thickness is observed to increase with 
concentration of KOH from 14 nm at 2 mol dm-3 to 40 nm at 10 
mol dm-3.  It is likely that the kinetics of the electrochemical 
reaction increase with electrolyte concentration, decreasing the 
effective diffusion distance of holes.  This would reduce the 5 
diffusion broadening of pores (Δw) and lead to thicker pore walls. 
It is noted in Fig. 10 that the pore wall thickness appears to 
plateau approaching a value of ~40 nm (~2xsc). 
 
Fig. 9 Cross-sectional (α) SEM image of n-InP (n ≈ 5.3 × 1018 cm-3) after 10 
an LPS from 0 to 0.383 V (SCE) in 5 mol dm-3 KOH at 2.5 mV s-1 at 
room temperature.  A primary pore with a tip at T is indicated at V.  Pores 
whose growth has been restricted are indicated at K and I (i.e. restricted 
by pores not seen in the image and by the pores indicated by J, 
respectively) while a pore that has diverged from V is indicated at S. 15 
 
Fig. 10 Plot of pore wall thickness against electrolyte concentration for 
porous n-InP layers (n ≈ 3.4 × 1018 cm-3) formed by LPS at 2.5 mV s-1 in a 
range of KOH concentrations at room temperature. 
 If Δw >2xsc (e.g. if the kinetics of the reaction are particularly 20 
slow), it is possible that pores may merge.  The conditions for this 
can occur more easily in the case of a pore approaching another at 
an angle (rather than a case of two parallel pores) since the 
depletion layer is thinner at the pore tips than at the pore walls.  
Both the merging of parallel pores 10,41 and the crossing of pores 25 
which approach each other at an angle 3 have been reported.  
 In Figs. 2, 8 and 9, pores can be seen to sometimes deviate 
slightly from the <111>A directions.  The pore propagation 
model can explain these deviations. As discussed earlier, 
symmetrical etching of the three {111}A facets forming the tip 30 
causes it to propagate in the fourth <111>A direction.  If the 
carrier supply is diminished at any of the three tip facets, the etch 
rate at that facet decreases, causing the propagation of the pore tip 
to deviate in the direction away from that facet.  The rate of hole 
generation at a pore tip will be reduced when it is in close 35 
proximity to the depletion region surrounding adjacent pores.  
The rate of hole generation will then become asymmetrical and 
consequently so will the supply of holes to the facets in Region 2 
(Fig. 7), assuming that Region 1 is of significant width. This 
asymmetry in hole supply will redirect the pore away from 40 
adjacent pores and from its original <111>A growth direction.  
 Such a situation can be seen at F in Fig. 2b, where pores have 
veered away from the <111>A direction due to the depletion 
region at the electrode surface, so creating a non-porous near-
surface layer ~40 nm thick.  Table 2 shows values for the 45 
thickness of the near-surface layer for three different carrier 
concentrations.  The thickness decreases with increasing carrier 
concentration, reflecting the corresponding decrease in depletion 
layer thickness.  In Fig. 9, a pore S has diverged from the primary 
pore at V and a pore I that is restricted by neighbouring pores J 50 
has propagated into a bottle-neck resulting in a tapered shape.  
Also a pore at K branching from the pore V has narrowed, 
possibly due to the proximity of other pores in a parallel (011) 
plane and not visible in the image.  Despite this narrowing, the 
pore attained a normal width after growing past the impeded 55 
region.  Alternatively, the branching at K could have taken place 
in Region 3 or 4 (see Fig. 7), where the depletion layer is 
widening, resulting in an initially narrower pore due to a 
mechanism similar to the mechanism (described later) that 
dictates the formation of the channel from each surface pit. 60 
Pore Uniformity and Morphology 
The model assumes that all etching is confined to a region in the 
vicinity of the tip of the pore.  Therefore if etching conditions at 
the tip remain constant, no variation in pore width should be 
observed along its length.  The microscopic evidence supports 65 
this prediction as discussed earlier. 
 The model also assumes <111>A facets near the pore tip. 
Although it is difficult to obtain clear-cut evidence, some TEM 
images tentatively support such faceting.  Figure 11 shows two 
TEM images acquired after tilting the sample so as to observe the 70 
pore cross-sections as viewed along a zone axis equivalent to the 
<111>B direction.  The pore cross-section in Fig. 11a passes 
close to the vertex of a porous domain and intersects a pore very 
close to its tip (at G). The light-grey area at G appears to form a 
triangle, the sides of which are approximately parallel to the 75 
intersections of the {111} planes with the image plane as shown 
in the inset.  This suggests that the internal surface of the region 
in the vicinity of the tip of the pore consists of {111}A facets.  
 The cross-section shown in Fig. 11b intersects pores far from 
their tips.  These cross-sections are quasi-circular and no faceting 80 
is apparent.  In general, as far as can be determined, at extended 
distances from the pore tip, the pore cross-sections are round with 
no apparent facets.  This round shape can be explained as 
resulting from the decrease in hole density with distance from the 
pore tip, causing the wall of the pore to curve towards the pore 85 
axis, away from the planes of the three {111}A faces (as shown 
in Fig. 7).  
 However for certain ranges of tip width wt and hole diffusion 
distance, it might be expected that the <111>A facets near the 
pore tips would lead to triangular pore cross-sections.  We have 90 
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observed pores with triangular cross-section when InP is anodised 
in KOH at very low current densities (<10 mA cm-2). Faceted 
pore cross sections are commonly observed, both for III-V 
semiconductors in HCl 46,65 and for silicon in HF.47 Thus, the 
model can explain both the round cross sections usually observed 5 
in InP in KOH and faceted pores which are also observed. 
 
(a) 
 
(b) 10 
Fig. 11 TEM images, viewed along a <111>B direction, of a β-plane slice 
of n-InP (n ≈ 3.4 × 1018 cm-3).  The cross-section in (a) passes through a 
pore close to its tip (at G) while the cross-section in (b) passes through 
pores far from their tips.  The electrode was anodised by an LPS from 0 to 
0.44 V (SCE) in 5 mol dm-3 KOH at 2.5 mV s-1 at room temperature.  The 15 
FIB-milled InP slice is ~100 nm thick. 
Initiation and Termination of Pore Growth 
Pores begin at a pit on the electrode surface.  Such pits are 
expected to form by electrochemical etching at surface ‘defects’ 
such as, for example, localized nano-scale regions of impurity or 20 
high carrier concentration.55,56 Once a pit is formed, the small 
radius of curvature and consequent high electric field at its tip 
will enable hole generation causing it to etch further.  Hole 
generation can occur only by tunnelling paths at small angles to 
the surface normal, because of the geometry of the depletion layer 25 
boundary as shown in Fig. 12a.  Thus, etching at the surface pit is 
constrained to be normal to the surface causing the formation of a 
very narrow channel, as shown in the schematic of Fig. 12b and 
observed in the SEM image of Fig. 12e.  When a pit has grown a 
certain distance, the depletion region bulges inward sufficiently 30 
that carriers become available towards the sides of the pit.  This 
allows {111}A-oriented facets to be revealed, forming a shape 
similar to a truncated tetrahedron, the two vertices of which 
become the tips of primary pores (Fig. 12c).  These then 
propagate along <111>A directions as shown in Fig. 12d.  35 
 The diameter of a surface pit increases with increasing carrier 
concentration, as shown in Table 2. This variation appears to 
reflect the corresponding decrease in depletion layer thickness 
which results in pits branching and widening at a shallower 
depth.  40 
 
 (a) (b) 
 
 (c) (d) 
 45 
(e) 
Fig. 12 Schematic representation of the progression of etching from a pit 
in the surface. (a) The pit initially etches vertically due to availability of 
holes by paths x and y but not z. (b) The channel lengthens in the [1¯00] 
direction. (c) Once the channel is deep enough, the availability of carriers 50 
to the sides allows some lateral etching. This etching widens the end of 
the channel into a truncated tetrahedral void that produces (d) two 
primary pores when the void is sufficiently large. (e) The model can be 
directly compared to experimental observation of two <111>A pores 
extending from a pit in the electrode surface in an α-plane SEM cross-55 
section of n-InP (n ≈ 3.4 × 1018 cm-3) after an LPS from 0 to 0.6 V (SCE) 
in 5 mol dm-3 KOH at 2.5 mV s-1 at room temperature. 
 For many semiconductor/electrolyte combinations, porous 
layers can be readily etched many tens of microns into the 
substrate, notably for InP etched in HCl.46,66 For porous InP 60 
formed in KOH however, porous layer growth typically 
terminates at a relatively small thickness (~3 μm).67 This limited 
thickness (i.e. early termination of porous layer growth) is likely 
due to the specific chemistry of the etching reaction in the KOH 
electrolyte. 65 
 Reports of electrochemical etching of InP in a range of 
electrolytes have variously suggested a process involving 6 or 8 
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electrons 68-74 (or holes) which may be represented as 
 InP + 3H2O → In
3+ + HPO3
2- + 5H+ + 6e- (1) 
or 
 InP + 4H2O → In
3+ + PO4
3- + 8H+ + 8e- (2) 
We have determined the number of electrons involved in the 5 
electrochemical etching of InP in KOH from the charge passed 
and the corresponding layer thickness and porosity (i.e. volume 
fraction of pores) estimated from SEM cross sections.  To 
estimate the porosity we measured the areal density and 
dimensions of through-plane pores in SEM cross-sections of both 10 
α and β cleavage planes and assumed an ideal pore geometry 
(uniformly spaced cylindrical pores along <111>A directions).  In 
a typical experiment, InP was anodized at 20 mA cm-2 in 5 mol 
dm-3 KOH for 70 s and a 3.0-μm layer was obtained with a 
porosity estimated to be 0.24. These values correspond to an 15 
average of ~6 electrons per formula unit of InP, assuming a mol 
volume 75 of 30.31 cm3 mol-1.  Further details of these 
measurements will be published elsewhere. 
 In3+ ions are unstable at higher pH with respect to precipitation 
as hydroxides, oxides or oxyhydroxides.  However, like other 20 
group III elements, indium has amphoteric character and has 
some solubility in strong alkali as InO2
-.76 Thus the etching of InP 
in high concentrations of KOH may proceed by a process such as  
 InP + 9OH- → HPO3
2- + InO2
- + 4H2O + 6e
- (3) 
There are reports 76 that the dissolved indium species can 25 
reprecipitate from alkali solution after a certain time. 
 The porous layer is connected to the bulk electrolyte through a 
small number of surface pits (one for each porous domain formed 
initially) through which the reaction products from all of the 
etching pore tips must be transported.  There is some evidence 30 
that this mass transport bottleneck eventually leads to 
precipitation of reaction products within the pores.  A precipitated 
solid, which appears from energy dispersive x-ray spectroscopy 
(EDX) and electron diffraction measurements to be largely In2O3, 
is commonly observed within the porous structure and on the 35 
surface of porous layers which have been grown to the point of 
termination.  These precipitates can block the narrow diffusion 
pathways between the pore tips and the bulk electrolyte.  It seems 
likely that such a process is responsible for the termination of 
pore etching in InP in KOH. 40 
Conclusions 
We propose a three-step model of electrochemical nanopore 
formation that explains how crystallographically oriented etching 
can occur even though the rate-determining process (hole 
generation) occurs only at pore tips. 45 
 Step 1 is the generation of holes at pore tips under the 
influence of a high electric field due to the small radius of 
curvature at the pore tip.  Step 2 is the diffusion of holes parallel 
to the surface of the semiconductor, enabling the electrochemical 
etching reaction to occur some distance from the pore tip where 50 
the holes are created.  Step 3 is the actual electrochemical 
reaction itself. 
 Step 1 determines the overall etch rate. However, competition 
in kinetics between hole diffusion (Step 2) and electrochemical 
reaction (Step 3) determines the average diffusion distance of 55 
holes and this in turn determines whether etching is 
crystallographic.  If the kinetics of Step 3 are slow relative to 
Step 2, then etching can occur at preferred crystallographic sites, 
such as phosphorus dangling bonds in InP, within a zone in the 
vicinity of the pore tip and this will lead to pore propagation in 60 
preferential directions. 
 Under these conditions, etching will eventually reveal the slow 
etching {111}A facets to form a pyramidal pore tip. Indium 
vacancy sites formed on these facets expand by rapid two-
dimensional etching along the surface to expose the next {111}A 65 
plane.  Thus, in the vicinity of the pore tip, the {111}A faces are 
etched, one monolayer at a time, so that the tip region maintains 
its pyramidal shape, and so the tip remains sharp as it propagates. 
Symmetrical etching of the three {111}A faces forming the tip 
causes it to propagate in the (fourth) <111>A direction.  As a 70 
pore etches, propagating atomic ledges can meet to form sites that 
can become new pore tips and this enables branching of pores 
along any of the <111>A directions. 
 Model predictions of the effect of temperature on pore width 
are supported by the experimental evidence.  The observed 75 
uniform width of pores and its variation with carrier 
concentration and electrolyte concentration is also consistent with 
the model.  The model can also account for pore wall thickness 
and observed deviations of pore propagation from the <111>A 
directions. 80 
 TEM observations tentatively confirm the presence of faceted 
pore tips, as postulated by the model.  The observed morphology 
and dimensions of the surface pits from which nanopores begin 
are also explained and factors leading to pore growth termination 
are discussed in terms of the chemistry of the etch products. 85 
 Finally, it is observed that the InP/KOH system is an ideal 
candidate for the study of purely electrochemical nanopore 
formation in that all of the etching appears to be confined to the 
pore tip region with no chemical etching taking place at the pore 
walls after the tip has moved on.  However, we believe that the 90 
model is generally applicable to electrochemical pore formation 
in III-V semiconductors and should lead towards greater control 
of porous structures. 
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